It is well documented that UV radiation present in sunlight suppresses immune responses, especially T h 1-driven cellular immune responses, resulting in the exacerbation of skin cancer and infectious diseases. However, the effects of UV irradiation on humoral immune responses remain less clearly defined. In addition, the majority of studies documenting immunosuppressive effects of UV irradiation has been demonstrated in animals exposed to UV radiation before immunization. In the present study, therefore, we examined the effects of UV irradiation on humoral immune responses in mice that had been immunized before UV irradiation. Both T h 1-and T h 2-associated Ig responses were significantly suppressed by UV irradiation given 7 days after immunization in an antigen-specific manner. Adoptive transfer experiments revealed that CD4 1 T cells from UV-irradiated mice are responsible for the UV-induced suppression of antibody responses. These CD4 1 regulatory T cells suppressed proliferation of conventional CD4 1 T cells in vivo and in vitro and contained IL-10-producing cells that did not express Foxp3. Mice depleted of CD25 1 cells also exhibited reduced antibody responses by UV irradiation. Finally, we showed that CD4 1 T cells from UV-irradiated mice treated with anti-IL-10 mAb failed to suppress antibody responses upon transfer. These results indicate that UV irradiation after immunization suppresses T h 1-and T h 2-mediated humoral immunity via the generation of Tr1-like regulatory T cells, in the process of which IL-10 appears to be important. Possible detrimental effects of UV irradiation after vaccination are also discussed.
Introduction
In addition to well-documented effect of UV irradiation on tumor immune responses, UV irradiation significantly impairs the resistance to various infectious agents such as bacteria, parasites, viruses and fungi (reviewed in 1). It has been reported that UV irradiation delayed or impaired pathogen clearance, most cases of which are clearly associated with reduced cellular immune responses such as delayed-type hypersensitivity (DTH) and lymphocyte proliferation. On the other hand, the effect of UV irradiation on humoral immune responses to infectious agents remains somewhat controversial. Rats infected with Trichinella spiralis mount significant IgM, IgG and IgE responses to this parasite, which are not affected by UV irradiation (2, 3) , whereas antibody responses, especially of T h 1-driven IgG2a responses, in mice infected with Borrelia burgdorferi or herpes simplex virus are suppressed by UV irradiation (4, 5) . It has also been reported that the T h 2-driven IgG1 response in mice infected with B. burgdorferi was not suppressed, but rather augmented, by UV irradiation (4) .
In the majority of studies documenting UV-induced suppression of the immune response mentioned above, the UV was administered to naive animals prior to immunization.
However, the effects of UV irradiation after immunization on immune responses to recall antigens are less well studied. Because the use of childhood vaccination greatly contributes to the reduction and/or eradication of microbial and viral infections, it is of great importance to clarify whether UV radiation suppresses established immune response and compromises the ability of prior vaccination to control infectious diseases. It has previously been shown that cellular immune responses in mice pre-immunized with alloantigen or Candida albicans were suppressed by subsequent exposure to UV radiation (6) (7) (8) . These studies provided important insights into the effects of UV irradiation on cellular immune responses to recall antigens, though possible detrimental effects of UV irradiation after immunization on humoral immunity remained to be determined. In the present study, therefore, the effects of UV irradiation on humoral immune responses in previously immunized mice were examined. Here, we show that exposure to UV radiation after immunization not only suppresses ongoing humoral immune responses but also induces long-lasting antigen-specific unresponsiveness. An adoptive transfer experiment demonstrated that UV irradiation after immunization generated CD4 + T cells that produced a large amount of IL-10 and suppressed both primary and secondary antibody responses.
Mice depleted of CD25
+ cells also exhibited reduced antibody responses by UV irradiation. These results indicate that UV irradiation after immunization suppresses humoral immune responses via the induction of type 1-like regulatory T cells (Tr1) and suggest that UV irradiation might compromise the ability of prior vaccination to control infectious diseases.
Methods

Mice
Specific pathogen-free female C57BL/6 mice were obtained from Japan SLC (Shizuoka, Japan) and used at 6 weeks of age at the beginning of each experiment. C57BL/6 (CD45.1) congenic mice and OT-II mice expressing TCR specific to ovalbumin peptide (OVA [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] [339] ) in the context of Ia b (9) were kindly provided by M. Masaya of our institute and K. Takahashi (Yokohama City University Graduate School of Medicine), respectively. All mice were housed under specific pathogenfree conditions and all procedures were approved by Ethics Committee for Animal Experimentation of Mie University Graduate School of Medicine.
Antigens
OVA and keyhole limpet hemocyanin (KLH) were purchased from Sigma-Aldrich (St Louis, MO, USA). Trinitrophenol (TNP)-LPS and TNP-Ficoll were purchased from Bioresearch Technologies, Inc. (Novato, CA, USA). SE36 is a recombinant protein derived from sera 5 gene of Plasmodium falciparum, Honduras1 strain (10) (11) (12) . The protein was expressed in Escherichia coli and prepared under the good manufacturing practice condition in the facility of Kan-on-ji Institute, The Research Foundation for Microbial Diseases of Osaka University.
UV irradiation
The UV source was a bank of three unfiltered UV lamps (UVP, Inc., CA, USA) that had a 280-to 350-nm emission spectrum, of which 67% was UV-B. Mice had their dorsal fur clipped (10 cm 2 ) and received a dose of 23 kJ m À2 of UV 1 week before or after immunization. Control mice were treated similarly but were not exposed to UV irradiation. In some experiments, these mice were injected with 200 mg anti-IL-10 (JES5-2A5, rat IgG) intra-peritoneally (i.p.) 1 day before and after UV irradiation.
Immunization
Mice were immunized by i.p. injection of OVA (100 mg), KLH (100 mg) and SE36 (10 mg) emulsified with 100 ml of incomplete Freund's adjuvant (IFA) (Gibco BRL), or TNP-LPS (50 mg) or TNP-Ficoll (25 mg) in 100 ml of PBS. In some experiments, mice received secondary immunization with the corresponding antigen or another antigen in IFA 2 weeks after the primary immunization.
In vivo depletion of CD25 + T cells
Group of mice received one i.p. injection of 500 mg anti-CD25 mAb (PC61, rat IgG1) 2 days before immunization. Control mice were either untreated or inoculated with equal amount of rat IgG (Sigma). Depletion of CD4 + CD25 + T cells within PBMC obtained by retro-eye bleeding was confirmed by flow cytometry on the day of UV irradiation.
CD4
+ T cell isolation CD4 + T cells were purified from spleen by passing through an NW column followed by negative selection using mAbs against CD8 (53.6.72), NK1.1 (PK136), B220 (RA3-6B2) and Ia (M5/114) plus rabbit complement (Sedarane) or by positive selection using anti-CD4 microbeads (Miltenyi) according to the manufacturer's instructions. The resultant CD4 + T cell preparations in the former contained >90% CD4 + cells and no detectable NK1.1 + cells, and those in the latter contained >95% CD4
+ cells. T cell-depleted spleen cells (TDS) were prepared from untreated syngeneic mouse spleen cells as described (13) and used as APC after the treatment with 50 mg ml À1 mitomycin C (Kyowahakko, Co., Tokyo, Japan).
Assay for CD4 + T cell cytokine production CD4 + T cells (2 3 10 6 cells/1.5 ml per culture) were cultured with TDS (5 3 10 6 cells/1.5 ml per culture) in the presence of 100 mg ml À1 OVA in a 24-well plate (Becton Dickinson). Supernatants collected from the cultures after 24 h were assayed for IL-2, and those collected after 48 h were assayed for IL-4, IL-5, IL-10 and IFN-g by ELISA. These CD4 + T cells were also stimulated with plate-coated anti-CD3 (1 mg ml
À1
) for 24 h and assayed for IL-4, IL-10 and transforming growth factor-b (TGF-b) mRNA by reverse transcription (RT)-PCR. In a selected experiment, spleen cells from OT-II mice were cultured with 1 mg ml À1 of OVA 323-339 peptide for 24 h in the presence of 5 mg ml À1 of brefeldin A for the last 12 h of the 24-h culture, followed by cell-surface staining with Cychrome-anti-CD4 (RM4-5; PharMingen) and subsequent intracellular staining with FITC-anti-IL-10 (JES-16E3; PharMingen) and PE-anti-Foxp3 (FJK-16s; e-Bioscience) using fixation and permeabilization buffers provided by manufacturer (e-Bioscience) and subjected to flow cytometric analysis. + T cells from OVA-immunized and UV-irradiated mice were excluded from the analysis based on their extremely low FL1 intensity.
ELISA for antigen-specific antibodies
The concentrations of antigen-specific IgGs were assayed by ELISA using OVA, KLH or TNP-BSA as capture antigen and biotinylated polyclonal anti-mouse IgGs (Sigma). Affinitypurified mouse anti-OVA, KLH and TNP IgGs were prepared from the serum of mice hyperimmunized with the corresponding antigens and used as standards. For the determination of OVA-specific IgG1, IgG2a, IgG2b, IgG3, IgA and IgM titers, serial 3-fold dilution of serum were prepared and assayed by ELISA using the relevant isotype-specific biotinylated mAb (CALTAG) as described (14) . The IgE titer was determined by using anti-mouse IgE mAb (PharMingen) as capture antibody and biotinylated OVA as the second reagent as previously described (15) . Maximal dilutions below the cut-off value of the assay were assigned as arbitrary titers.
ELISA for cytokines
IL-2, IL-4 IL-5, IL-10 and IFN-c levels in culture supernatants or in serum were assayed by ELISA using paired mAb specific for the corresponding cytokine as described (13) . The lower limits of detection of these assays were as follows: IL-2, 4 pg ml
À1
; IL-4, 6 pg ml À1 ; IL-5, 50 pg ml
; IFN-c, 100 pg ml À1 and IL-10, 24 pg ml À1 .
RT-PCR
Total cellular RNA of the CD4 + T cells was reverse transcribed into cDNA and semi-quantitative analyses of IL-4, IL-10, TGF-b and Foxp3 mRNA accumulation were performed by amplification of target sequences for a number of cycles that was within the linear range of the exponential amplification as described (14) . Primer sequences for the amplification of these mRNAs were as described (14, 16) . For the quantification of Foxp3, mRNA expression was performed using NIH Image software and the results were presented as relative mRNA levels obtained by the ratio of Foxp3 PCR product to HPRT-PCR product.
Statistics
Statistical analyses were performed using a two-tailed Student's t-test. A P value of <0.05 was considered significant. All experiments were performed at least twice.
Results
Suppression of antibody responses to antigen used for immunization prior to UV irradiation
In the first experiment, we have examined the effects of UV irradiation before or after immunization on the antibody responses. As shown in Fig. 1(A) , the serum levels of OVAspecific IgGs in mice exposed to UV radiation 7 days after immunization with OVA in IFA were significantly decreased (OVA~UV). On the other hand, somewhat surprisingly, those in mice UV irradiated 7 days before immunization were not affected at all (UV~OVA). Ig class and subclass analyses revealed that, in addition to IgM production, T h 2-driven IgG1 and IgA production as well as T h 1-driven IgG2a production were significantly suppressed by UV irradiation given after immunization (Fig. 1B) . Other classes and subclasses of Igs specific to OVA, such as IgG2b, IgG3 and IgE, were not detected in the serum from either unirradiated or irradiated mice (data not shown). In apparent contrast to the effect of UV irradiation on antibody responses to thymus-dependent (TD) antigens, antibody responses to thymus-independent (TI) antigens such as TNP-LPS and TNP-Ficoll seemed not to be affected by UV irradiation given after immunization (Fig. 1C) .
UV irradiation-induced long-lasting antigen-specific unresponsiveness in antibody responses
Antigen specificity is one of the prominent features of UVinduced immune suppression demonstrated in DTH and contact hypersensitivity (CHS) responses. To examine whether this was also the case with antibody responses, mice were immunized with OVA on day 0 followed by UV irradiation on day 7 and immunized again with either OVA or KLH on day 14. As shown in Fig. 2(A) , the serum levels of OVA-specific IgGs after secondary immunization with OVA in UV-irradiated mice (OVA~UV~OVA) were significantly decreased as compared with those in unirradiated mice. In contrast, the serum levels of KLH-specific IgGs in mice that had been preimmunized with OVA followed by UV irradiation and secondary immunization with KLH (OVA~UV~KLH) were comparable to those in unirradiated mice. The suppression of the secondary anti-OVA antibody response was neither class nor subclass specific since the serum levels of OVAspecific IgG1, IgG2a, IgG3, IgA and IgE were significantly decreased (Fig. 2B ). Although not statistically significant, OVA-specific IgG2b titers repeatedly showed reduced levels in serum from UV-irradiated mice. Furthermore, serum levels of OVA-specific IgGs in UV-irradiated mice receiving secondary immunization at 35 days after first immunization (i.e. even at 28 day after UV-irradiation) remained low as compared with those in unirradiated mice (Fig. 2C ). Taken as a whole, these results indicate that mice exposed to UV radiation after immunization induces long-lasting antigenspecific unresponsiveness. + T cells from UV-irradiated donor mice were transferred into naive syngeneic mice and subsequently immunized with OVA in IFA, the serum levels of OVA-specific IgGs were significantly suppressed, whereas those of mice into which CD4 + T cells from unirradiated mice were transferred were comparable to those of mice without transfer (Fig. 3A) . Essentially, the same results were obtained in secondary antibody responses in pre-immunized mice into which CD4 + T cells from UV-irradiated mice had been transferred 1 day before secondary immunization (Fig. 3B) . The suppression of primary and secondary antibody responses by transferred CD4 + T cells from UV-irradiated mice was not seen when the recipient mice were immunized with an unrelated antigen, KLH (Fig. 3A and B, right panel) , indicating that the immunosuppressive effects of CD4 + T cells from UV-irradiated mice were antigen specific. Furthermore, the suppression of primary and secondary antibody responses was neither class nor subclass specific since the serum levels of OVAspecific IgG1, IgG2a, IgG2b, IgG3, IgE, IgA and IgM were Fig. 1 . The effects of UV irradiation on primary antibody responses to TD antigen and TI antigen. (A) Mice were immunized with OVA in IFA 7 days before (OVA~UV) or after (UV~OVA) UV irradiation. Serum samples were collected at indicated days after immunization and assayed for the amount of OVA-specific total IgGs by ELISA. The results were expressed as the mean 6 SD (n = 5). (B) Serum samples collected on day 21 from mice that had been immunized with OVA and then subjected to UV irradiation (OVA~UV) were assayed for OVA-specific IgG1, IgG2a, IgA and IgM titers by ELISA. (C) Serum samples from mice immunized with TNP-Ficoll or TNP-LPS and then subjected to UV irradiation were collected as indicated and assayed for the amount of TNP-specific total IgGs by ELISA. The results were expressed as the mean 6 SD (n = 5). Significant differences are indicated (*P < 0.05, **P < 0.01). Mice were immunized with OVA in IFA on day 0, UV irradiated on day 7 and subjected to secondary immunization with OVA (OVA~UV~OVA) or KLH (OVA~UV~KLH) in IFA on day 14. Serum samples were collected as indicated and assayed for the amount of OVA-or KLH-specific IgGs by ELISA. The results were expressed as the mean 6 SD (n = 6). (B) Serum samples collected on day 21 as in (A) were assayed for OVA-specific IgG1, IgG2a, IgG2b, IgG3, IgA, IgE and IgM titers by ELISA. (C) Mice were immunized with OVA in IFA on day 0, exposed to UV radiation on day 7 and received secondary immunization on day 35. Serum samples were collected on day 63 and were assayed for the amount of OVA-specific total IgGs by ELISA. Significant differences are indicated (*P < 0.05, **P < 0.01). + T cells and subsequently subjected to secondary immunization with OVA. Serum samples were collected from the recipient mice at 28 days after primary immunization and were assayed for the amounts of OVA-or KLH-specific total IgGs or OVA-specific antibody titers by ELISA. Mice that received a mock transfer consisting PBS alone served as controls. Significant differences are indicated (*P < 0.05, **P < 0.01).
decreased in recipient mice transferred with CD4 + T cells from UV-irradiated mice (Fig. 3C and D) . These results indicate that UV exposure after immunization induces antigenspecific regulatory T cells that suppress primary and secondary antibody responses.
Characterization of CD4 + T cells transferring suppression
To gain insight into the characteristics of these CD4 + T cells transferring suppression, we examined the cytokine production profiles of CD4 + T cells obtained from OVA-immunized and UV-irradiated mice. Splenic CD4 + T cells from mice that had been immunized with OVA and subsequently exposed to UV radiation or left unirradiated were cultured with syngeneic TDS together with OVA. Culture supernatants were harvested and tested for the amounts of IL-2, IL-4, IL-5, IL-10 and IFN-c (Fig. 4A) . CD4 + T cells from UV-irradiated mice produced a larger amount of immunosuppressive cytokine, IL-10, but much smaller amounts of IL-2, IL-5 and IFN-c, as compared with CD4 + T cells from unirradiated mice. IL-4 was undetectable in all samples (data not shown). Production of another immunosuppressive cytokine, TGF-b, was also assayed by quantitative RT-PCR of mRNA from CD4 + T cells stimulated with plate-coated anti-CD3 in the absence of TDS. As shown in Fig. 4(B) , even when CD4 + T cells were activated by anti-CD3, increased level of IL-10 mRNA expression in CD4
+ T cells from UV-irradiated mice were observed, whereas those of TGF-b mRNA expression remained unchanged between CD4 + T cells from UV-irradiated and unirradiated mice. Furthermore, equivalent levels of IL-4 mRNA were also detected in these two CD4 + T cell preparations. + T cells from OVA-immunized and either UV-irradiated or unirradiated mice were cultured alone or mixed together (1:1) in the presence of TDS with or without 100 lg ml À1 OVA and assayed for their proliferation as described in Methods.
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We then examined whether these IL-10-producing CD4 + T cells expressed Foxp3 that specifically expressed in CD4 + CD25 + regulatory T cells (16) . Since the frequency of antigen-specific T cells in wild-type mice are too low to detect in flow cytometry even after immunization with corresponding antigen, CD4 + T cells from OVA-immunized and UV-irradiated OVA-specific TCR-Tg mice, OT-II, were restimulated in vitro with OVA 323-339 peptide for 24 h and analyzed for intracellular IL-10 and Foxp3 expression. As shown in Fig. 4(C) , UV irradiation resulted in the increase in the frequency of IL-10-producing CD4 + T cells that did not express Foxp3 (10.1 6 1.2% versus. 16.9 6 1.3% IL-10 + cells in CD4 + Foxp3 À T cells from UV unirradiated and UV-irradiated mice, respectively; n = 3, P < 0.05). We next examined regulatory activity of CD4 + T cells from UV-irradiated mice in vitro. CD4 + T cells from OVA-immunized and UV-irradiated mice proliferated poorly and suppressed the proliferation of CD4 + T cells from OVA-immunized and unirradiated mice upon in vitro stimulation with OVA (Fig. 4D) .
UV-induced CD4
+ regulatory T cells migrated secondary lymphoid organ and suppressed proliferation of CD4
+ T cells in vivo
In the next experiments, we sought to determine if UVinduced regulatory T cells migrate into the lymphoid organ and suppress activation of T h cells that facilitate antibody production. To this end, CD4
+ T cells from OVA-immunized and UV-irradiated C57BL/6 (CD45.2) mice and/or CFSElabeled CD4 + T cells from OT-II mice were adoptively transferred to CD45.1 congenic mice followed by i.p. immunization with OVA in IFA. CD4 + T cells from OVA-immunized and UV-irradiated mice migrated into spleen and MLN, but not antigen non-draining inguinal LN (Fig. 5A) . Furthermore, proliferation of transferred OT-II CD4 + T cells in vivo was suppressed by co-transferred CD4 + T cells from UV-irradiated donor (Fig. 5B) . It seemed reasonable that the suppression of CD4 + T cell proliferation by these UV-induced regulatory T cells in vivo was less effective than in vitro since the frequency of antigen-specific T cells in CD4 + T cell from OT-II mice was quite high as compared with that in CD4 + T cells from OVA-immunized wild-type mice used in the experiment shown in Fig. 4(D) .
CD25 + cells are dispensable for the UV-induced suppression of antibody responses
These phenotypic and functional features of CD4 + T cells from UV-irradiated mice mentioned above were reminiscent of Tr1 that has been shown not to express Foxp3 (22, 23) ; a recent study suggested that CD4 + CD25 + Foxp3 + regulatory T cells which increase in numbers in UV-irradiated mice are responsible for the UV-induced immune suppression (24) . Therefore, we next examined whether UV irradiation affected the proportion of Foxp3 + cells within CD4 + T cell population. UV irradiation resulted in marginal increase in proportion of Foxp3 + cells within CD4 + T cells (Fig. 6A) . Quantitative analyses of Foxp3 mRNA expression revealed that the levels of Foxp3 mRNA in CD4 + T cells were not significantly different between CD4
+ T cells from UV-irradiated and unirradiated mice (Fig. 6B) . We then examined the effect of in vivo depletion of CD4 + CD25 + regulatory T cells on the UV-induced suppression of antibody responses. To this end, control and CD25-depleted mice were immunized with OVA followed by UV irradiation. As shown in Fig. 6 (C), significant suppression of OVA-specific IgG response by UV irradiation was still observed in mice depleted of CD25 + cells, though CD25 depletion resulted in substantial augmentation of antibody responses in both unirradiated and UV-irradiated mice. Together, these results suggest that regulatory T cells generated by UV irradiation given after immunization are phenotypically and functionally equivalent to Tr1.
Neutralization of IL-10 inhibits the generation of CD4
+ regulatory T cells IL-10 has been shown to be fundamental for the generation of IL-10-producing Tr1 (23, 25, 26) and UV irradiation to the skin induces IL-10 release from variety of cells resulting in the elevation of systemic IL-10 levels (27) . In the present experiments, substantial amount of IL-10 could be detected in serum from UV-irradiated mice (Fig. 7A) . To investigate the role of IL-10 in the generation of Tr1 by UV irradiation, OVA-immunized and UV-irradiated donor mice also received two injections of anti-IL-10 mAb, one a day before and the other 1 day after UV irradiation. As shown in Fig. 7(B) , CD4 + T cells from UV-irradiated and anti-IL-10-treated mice produced a much smaller amount of IL-10 and a larger amounts of IL-2, IL-5 and IFN-c upon in vitro re-stimulation with OVA as compared with those from UV-irradiated mice that were not treated with anti-IL-10. In vivo anti-IL-10 treatment did not alter the proportion of Foxp3 + cells within CD4 + T cell population (Fig. 7C) . When naive mice received a transfer of 5 3 10 6 CD4 + T cells from donor mice not treated with anti-IL-10 and were subsequently immunized with OVA in IFA, the serum levels of OVA-specific IgGs were significantly decreased, whereas those of mice that received a transfer of CD4 + T cells from anti-IL-10-treated donor mice were comparable to those of mice without transfer (Fig. 7D, primary) . Essentially, the same results were obtained for the secondary antibody response in pre-immunized mice that had received a transfer of CD4 + T cells from anti-IL-10-treated mice 1 day before the secondary immunization (Fig. 7D,  secondary) . Taken together, these results indicate that IL-10 induced by UV irradiation is responsible for the development of Tr1 that suppress both primary and secondary antibody responses.
Suppression of antibody responses to malaria vaccine antigen by UV irradiation
In the final experiment, we examined whether UV irradiation affects antibody responses to prior vaccination of SE36, a clinical-grade preparation of a recombinant malaria vaccine antigen that is under clinical study (see Methods). Mice were immunized with SE36 in IFA on day 0, exposed to UV radiation on day 7 and immunized again with SE36 in IFA on day 14. On day 28, serum was collected and SE36-specific IgG titers were assayed. As shown in Fig. 8 , the serum level of SE36-specific total IgGs was significantly decreased by UV irradiation. Suppression of the anti-SE36 antibody response was neither class nor subclass specific since SE36-specific IgG1, IgG2a, IgG2b, IgG3, IgA, IgM and IgE titers were also significantly decreased.
Discussion
In the present study, we have shown that UV irradiation suppressed the antibody responses of all classes and subclasses in mice immunized with TD antigen before, but not after, UV irradiation. UV irradiation given after immunization not only suppressed antibody responses but also induced antigen-specific suppression that lasted for at least 28 days after UV irradiation. Furthermore, CD4
+ T cells from UV-irradiated donor mice produced a large amount of IL-10 and could transfer antigen-specific suppression to naive recipient mice. In apparent contrast to the effects of UV irradiation on antibody responses to TD antigen, antibody responses to TI antigen appeared not affected in mice exposed to UV radiation after immunization.
The effects of UV irradiation on antibody responses have been received a limited study and the available results are somewhat contradictory. UV irradiation given before immunization resulted in no changes (2, 3), suppression (4, 28, 29) or even enhancement (30) of the responses of certain subclasses of antibody. Our present results clearly demonstrated that UV radiation given after, but not before, immunization suppressed secondary as well as primary antibody responses in mice immunized with TD antigens in IFA. The reason of the discrepancy between our results and some of the results + T cell preparations used for transfer experiment were analyzed by quantitative RT-PCR. Results were presented as mean + SE of four independent experiments. (C) Mice treated with anti-CD25 or control rat IgG were immunized with OVA in IFA on day 0 and then subjected to UV irradiation on day 7. Serum samples were collected on day 28 and assayed for OVA-specific total IgGs. Significant differences are indicated (*P < 0.05, **P < 0.01).
reported previously remains unknown, but it is possible that the timing of UV irradiation and/or the forms of antigen (infectious agents or protein antigen in adjuvant) might have resulted in the different sensitivities to UV irradiation.
Our preliminary experiments revealed that a single exposure of UV at >10 kJ m À2 induced significant immune suppression in a manner dependent on the dose of UV, which was in line with results reported previously (31). Because + T cells (5 3 10 6 cells) from anti-IL-10-treated or non-treated mice were transferred into naive (primary) or OVA-pre-immunized (secondary) recipient mice as described in the legends for Fig. 3(A and B) , respectively. Serum samples were collected 28 days after the first immunization and assayed for the amount of OVA-specific total IgGs by ELISA. Serum samples from immunized and UV-irradiated or unirradiated mice that received a transfer of PBS alone served as positive or negative controls. Significant differences are indicated (*P < 0.05, **P < 0.01).
UV at >23 kJ m
À2 suppressed immune responses with increasing significance (P < 0.01 at 23 kJ m À2 versus P < 0.05 at 10 kJ m À2 ), we chose UV dose of 23 kJ m À2 in the present study. It has been shown that UV irradiation at the total doses of 4-8.8 kJ m À2 induces systemic immune suppression in mice that received UV irradiation multiple times (17, 19, 24, 29) , whereas UV at the doses of 15-120 kJ m À2 has been employed in case of single exposure (6-8, 27, 32) . Therefore, it appears that relatively higher doses of UV are required for the induction of systemic immune suppression in mice given single exposure to UV.
The majority of studies dealing with immunomodulation by UV radiation clearly demonstrated that T h 1-mediated immune responses such as CHS and DTH are suppressed, in some cases in association with down-regulation of T h 1-driven IgG2a responses (4) . On the other hand, the effects of UV irradiation on T h 2-type immune responses are less clearly defined. It has been shown that exposure to UV resulted in the suppression of T h 1 cytokines, IL-2 and IFN-c and enhancement of T h 2 cytokines, IL-4, IL-5 and IL-10 (30). Furthermore, it has also been shown that the T h 2-driven IgG1 response to B. burgdorferi was enhanced, while the T h 1-driven IgG2a, IgG2b and IgG3 responses were suppressed, by UV irradiation (4). These results have been taken as evidences that UV radiation induced a shift from T h 1 to T h 2 immune responses in vivo, which resulted in the suppression of T h 1-mediated cellular immune responses such as CHS and DTH. Our present results that the production of T h 2-associated antibodies such as IgG1, IgE and IgA as well as the production of T h 1-associated antibodies such as IgG2a, IgG2b and IgG3 were significantly suppressed by UV irradiation strongly argue against such a selective suppression of T h 1 immunity but clearly indicate that UV irradiation induces a general immunosuppression, which is consistent with results reported recently (28, 29) .
We also showed that UV irradiation after immunization induced CD4
+ regulatory T cells that suppressed primary and secondary antibody responses in an antigen-specific manner. The suppression of antibody responses by adoptively transferred CD4
+ T cells from UV-irradiated mice was not class or subclass specific. Upon in vitro re-stimulation with OVA, these CD4
+ regulatory T cells from UV-irradiated mice proliferated poorly, suppressed proliferation of CD4 + T cells from OVA-primed mice, produced reduced level of IL-5 and IFN-g and an enhanced level of IL-10 and contained Foxp3
À IL-10 + T cells. These functional and phenotypic features did not match those of classical T h 1 or T h 2 cells, and instead more closely matched those of IL-10-producing regulatory T cells known as Tr1, whose development requires IL-10 (23, 25, 26) . Consistent with our present results, it has been reported that UV irradiation before immunization induced Tr1-like CD4 + regulatory T cells that suppressed CHS Fig. 8 . The effect of UV irradiation on antibody responses to SE36 malaria vaccine antigen. Mice were immunized with SE36 in IFA on day 0, UV irradiated on day 7 and subjected to secondary immunization with SE36 in IFA on day 14. Serum samples were collected 28 days after the first immunization and assayed for OVA-specific total IgGs, IgG1, IgG2a, IgG2b, IgG3, IgA, IgE and IgM titers by ELISA. Significant differences are indicated (*P < 0.05, **P < 0.01).
and Tr1 clones suppressed T h 2-as well as T h 1-associated antibody production (33, 34) . However, CD4 + T cells that coexpress NK cell marker, DX5, have been reported to mediate UV-induced suppression of DTH (8, 21 (24) . In the latter study, transcutaneous immunization through UVirradiated skin induced increase in CD4 + CD25 + Foxp3 + T cells that transfer suppression of CTL response. In apparent contrast to our present results, such CD4 + T cells transferring suppression were shown to be generated even in IL-10 À/À mice by UV irradiation (24) . In our present study, substantial portion of CD25
+
Foxp3
+ cells were contained in CD4 + T cell preparation, though UV irradiation did not significantly increase the frequency of Foxp3 + T cells and the level of Foxp3 mRNA expression in CD4
+ T cell population. Furthermore, when mice depleted of CD25 + cells received UV irradiation after immunization, reduced antibody responses were still observed. It is possible that, depending on the route of antigen exposure, UV irradiation induces either Tr1-like or CD4 + CD25 + regulatory T cells that suppress humoral or cellular immune response, respectively. However, it was noticeable that the degree of suppression by UV irradiation in PC61-treated mice seemed less pronounced than that in control mice. Because of the existence of CD25 À Foxp3 + T cells, substantial portion of CD4 + T cells contained Foxp3 + cells in mice that received injection of anti-CD25. Therefore, we could not formally rule out the possibility that CD4 + CD25 + (Foxp3 + ) regulatory T cells might participate in the UV-induced suppression of antibody responses. Taken as a whole, our present results indicate that IL-10-producing Tr1 were generated in mice exposed to UV radiation after immunization and, at least in part, mediated UV-induced suppression of antibody responses.
Our result that CD4 + T cells from UV-irradiated mice treated with anti-IL-10 did not suppress antibody responses upon adoptive transfer clearly indicates that IL-10 is central to the UV-induced generation of Tr1. Consistent with our present results, it has been shown that IL-10 is detectable in serum of mice exposed to UV at dose 15 or 30 kJ m À2 (27, 32, 38) . In addition, treating UV-irradiated mice with anti-IL-10 has been reported to block the induction of systemic immune suppression (39) , which substantiates our results that neutralization of IL-10 suppressed the generation of regulatory T cells induced by UV irradiation. Therefore, IL-10 that was possibly secreted by keratinocytes upon UV irradiation (39) appeared to play an obligatory role in the generation of Tr1 that mediated suppression of antibody responses. Although the precise mechanism by which IL-10 induces Tr1 in vivo remains elusive, our preliminary experiments indicated that the effect of IL-10 on the generation of Tr1 was not a direct effect on T cells because repetitive stimulation of CD4 + T cells with IL-10 in the presence, but not absence, of APC resulted in the generation of IL-10-producing Tr1 in vitro. These results confirms previous studies showing that IL-10 modulates APC and/or induces differentiation of CD11c low CD45RB high DC that induces the generation of Tr1 in vitro and in vivo, respectively (40, 41) .
As for the mechanisms of suppression of antibody responses by UV-induced CD4 + regulatory T cells, it is possible that these T cells migrate into the lymphoid organs, suppressed activation of T h cells that facilitate antibody production and indirectly suppress antibody production by B cells. This is likely because CD4 + T cells from UV-irradiated mice migrated into spleen and MLN, but not inguinal LN, of mice i.p. immunized with corresponding antigen and suppressed proliferation of conventional CD4 + T cells in vitro and in vivo. In addition, it seems likely that IL-10 produced by UV-induced CD4 + regulatory T cells are responsible for their suppression of T h cell activation. The possibility that IL-10 directly suppress B cell activation seems unlikely since IL-10 acts on B cells to stimulate certain type of class switching, proliferation and differentiation into Ig-secreting plasma cells (34) . Alternatively, it is also possible that UVinduced CD4
+ regulatory T cells directly suppress B cell activation that resulted in the inhibition of antibody production. Experiments are in progress to test these possibilities.
Recently, it has been shown that patients with malaria, an infectious disease induced by the P. falciparum parasite, are affected severely by UV irradiation (42) . Antibodies against the N-terminal domain of P. falciparum serine-repeated antigen (SERA) have been shown to inhibit parasite growth directly (10, 11) and/or indirectly via antibody-dependent cell inhibition mediated by monocytes (12) and appeared to confer protection against malaria infection (43) . In the present study, we showed that mice immunized with SE36, a recombinant protein of the N-terminal domain of SERA that had been removed 34 amino acid serine repeat from SE47# protein (10-12) resulting in higher water solubility, in IFA displayed reduced antibody responses when subjected to UV irradiation after immunization. These results, together with our findings that UV irradiation after immunization induced long-lasting antigen-specific unresponsiveness in antibody responses, might provide important information regarding the potentially detrimental effect of UV exposure on the ability of prior vaccination to control infectious diseases.
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